The mechanical properties of clays are also influenced by the characteristics of the fluid in the pore space.
), but organic fluids will also change the mechanical properties when water in the pore space is partially replaced by non-polar fluids. In fact, according to the Diffuse Double Layer (DDL) theory, the extension of the double layer decreases with increasing electrolyte concentration (or decreasing dielectric constant) (Mitchell and Soga, 2005) .
Besides, low polar fluids tend to make weak electrostatic interactions with clay surface oxygen and interlayer-water molecules which result in an increase in interlayer spacing (e.g. Amarasinghe et al. 2009 ).
Clay in contact with non-polar fluids tend to flocculate, causing a change in mechanical (e.g. Sridharan and Jayadeva 1982; Sridharan et al. 1986 Sridharan et al. , 1988 Spagnoli et al. 2012a; Estabragh et al. 2014 ) and hydraulic properties (e.g. Anderson et al. 1985; Bowders and Daniel 1987; Fang 2013; Di Matteo et al. 2016 ). The impact of such hydrocarbons on compaction characteristics, friction angle and Atterberg limits has been studied, but a survey of Khosravi et al. (2013) showed that there are still unexplained variations in the data. Furthermore, the addition of pure ethanol to gasoline (an increasing trend in the EU, US and Brazil) (RFA, 2012) requires attention, because ethanol mixes completely with water, whereas most gasoline components do not.
Since the pioneering work of Atterberg (1911) it is known that soils change their mechanical properties significantly with their water content, w. Starting at high water contents and reducing w continuously, the liquid limit w L is approached, where a transition from the viscous to the solid state is observed. With further decrease of w, the plastic limit w P is reached, where the still ductile consistency changes to a brittle behaviour (e.g. Carter and Bentley 1991; Bolton and Cheng 2002; Haigh et al. 2013 ). Both w L and w P are widely used as index parameters, from which the plasticity index I P can be calculated as: Kelly (2013) and Vardanega and Haigh (2014) showed that this value is inadequate in the semi-logarithmic space. Considering the current water content w of a soil, the liquidity index I L is defined as:
Undrained shear strength has been related to I L (with H 2 O as the pore fluid) (see Skempton and Northey 1952; Leroueil et al. 1983; Locat and Demers 1988; Wroth and Wood 1978; Yilmaz 2000; Vardanega and Haigh 2014; Kuriakose et al. 2017) . Replacing water progressively with ethanol this had no effect on kaolinite and illite, but for a smectitic clay a significant correlation between undrained shear strength and ethanol/water ratio fraction was found (Spagnoli et al. 2012b) . In contrast to these findings, Di Matteo et al. (2016) observed that increasing amounts of ethanol in gasoline increased the hydraulic permeability of a kaolinitic soil up to two orders of magnitude. Albeit undrained shear strengths relate somehow to Atterberg limits, data for Atterberg limits as a function of ethanol/water ratios are sparse. In this work, we determined therefore Atterberg limits for kaolinite, illite and Ca-smectite, respectively, as a function of ethanol/water ratio.
Materials and Methods
The materials used in this research are purified kaolinite, illite and Na-and Ca-smectite, respectively, which have been described in Spagnoli et al. (2010; 2012a; b) and Spagnoli (2011) with a Proctor standard test (DIN 18127, 2012) with an average compaction energy of 0.6 MNm/m 3 , then a vane was inserted for 3 cm and a torque with a velocity of 2 cm/s was applied until the specimen failed. I C is defined as:
Results
Smectites have both the highest liquid and plastic limits compared to kaolinite and illite ( Fig. 1) . Note that the variances of w L and w P for kaolinite and illite are significantly smaller than for smectites, but for all four groups, significant correlations between w P and w L were found.
The liquid limit w L changes significantly with ε of the pore fluids, but for smectites in a different way than for kaolinite and illite, respectively. For smectites w L increases with increasing ε ( The plasticity indices I P (Fig. 3) show relationships similar to those of w L versus ɛ (Fig. 2) , but for kaolinite and illite, the slopes of the correlation are not significant. The undrained shear strengths correlate only for Ca-smectite with the liquid limits (Fig. 4) . For all other samples, c u varies considerably, but without relation to the liquid limit. Kuriakose et al. (2017) observed relationships between log(c u ) and the actual fluid content of the samples, which had been normalized to the liquid limit w L . For our samples, only Ca-smectites correlate with this normalized water contents, whereas for Na-smectite, kaolinite, and illite, respectively, the R D r a f t values were below 0.4 and the slopes had significance levels smaller than 98% (Fig. 5, left) . The same applies for plots against the liquidity index (Fig. 5, right) . In Figs. 5A and 5B, a and b are the intercept and the slope of the regression line respectively. Normalizing log(c u ) to the ε of the pore fluid and plotting it against actual fluid content still separates Casmectites from Na-smectites (Fig. 6A ), but there is no significant correlation between both variables. Using the liquidity index, however, results in two major changes: Both Ca-and Na-smectites merge into a single group (Fig. 6B ) and as a novel finding, log(c u )/ε correlates now significantly with the liquidity index (with p < 0.0001) (Fig. 6B ). 
Discussion
A general tendency of c u to decrease with increasing actual water content (Fig. 5 , left side) or with the liquidity index (Fig. 5 , right side) has been observed already by Wroth and Wood (1978) . In our work, D r a f t changes in the particle-particle interactions, reflected here in varying Atterberg parameters, resulted in highly significant correlations between the liquid limit and ε, although w L reacts different to ε: for smectites the slopes are positive ( Fig. 2A) , for kaolinite and illite they are negative and smaller (Fig. 2B ).
The negative trends for kaolinite and illite show that in the ethanol-water systems other forces than the attractive van der Waals forces may be present, because a decreasing permittivity of the fluid would result in a decreasing Hamaker constant for two like particles (Israelachvili 2002). However, the expected net cohesion could also result from a reduction of repulsive forces between particles. Kaya and Fang (2000) calculated a net reduction of repulsive forces for fluids lower in ε than water, but care has to be taken, because they investigated flocculation in comparably dilute suspensions. Alternatively, the particle-particle distances may have changed with increasing amounts of ethanol, but unfortunately, the bulk densities of the systems were not measured.
The two distinctive behaviors for Na-and Ca-smectites (Fig 5A and B) result from different hydration states: Ca-smectite produces a d(001) of around 19Å in liquid water, whereas Na-smectites can even delaminate to infinite particle distance in the absence of confining pressures, higher ionic strength, or ethanol (Brindley and Ertem 1971; Berkheiser and Mortland 1975) . This explains the poorer correlation of log (c u ) with the liquidity index of the Na-smectites (Fig. 5B ). For smectites, ethanol has at least a twofold impact. First, ethanol replaces water molecules of the hydrated interlayer cations and it changes the interlayer spacings depending on the arrangement of the ethanol molecules around the interlayer cations (Bissada et al. 1967; German and Harding 1971) . Dowdy and Mortland (1968) report that Ca-and Namontmorillonite produced 001 peaks around 16.5 and 13.5 Å, respectively, when the smectites were equilibrated via a gas phase of ethanol. Saturation of Ca-and Na-smectites in liquid ethanol, however, resulted in 001 d-values around 17 Å (Brindley et al. 1969 ). This agrees with the findings shown in Fig.   6B , where Na-and Ca-smectites merged into one group, because their solvation state becomes similar in ethanol. Part of the variance of log (c u ) versus the liquidity index shown in Fig. 5B is therefore due to the variance of ε, which is eliminated by recalculating log (c u ) to log (c u )/ε. The findings of Kuriakose et al. (2017) that the actual water content, and not the liquidity index, might be a better proxy for c u is not supported by our data (Fig. 5A and 6A ).
D r a f t

Conclusions
Undrained shear strengths, c u, of Na-and Ca-smectites correlate with the actual fluid ratio normalized to the liquid limit (proposed by Kuriakose et al. 2017) , but this correlation can be improved significantly, first, by normalizing c u to the ɛ of the pore fluid and, second, by relating it to the liquidity index I L . At least for Na and Ca as interlayer cations, it could be shown that a single regression results regardless of the kind of interlayer cation. This will facilitate the prediction of the mechanical behavior of soils in hydrocarbon-contaminated sites. 
